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INTRODUCTION
Mesothelioma is a unique cancer that originates from the mesothelial cells that line the pleural, pericardial, and peritoneal surfaces. 1 There are approximately 2500 cases and deaths from malignant mesothelioma (MM) annually in the United States, with most related to prior asbestos exposure.
The combination of properties exhibited by asbestos has made it a valuable element in variety of household products and construction materials.
Several studies reported an increased incidence of malignant pleural mesothelioma (MPM) in residents of southeast Turkey. 2, 4, 5 Most of the affected population had been exposed by inhalation since childhood to a material containing a fibrous mineral, erionite, that caused up to 50% of all deaths in three small villages. 6 Furthermore, many of the affected subjects had migrated to a number of European countries, including Germany and Sweden, with public health reports of MM induced by erionite in Turkish immigrants in those countries as well. 7, 8 Asbestos-related diseases are less likely without prior occupational exposure. Indeed, most studies report that about 80% of mesotheliomas develop in asbestos-exposed individuals. 9 However, the relationship between exposure and development of mesothelioma varies from about 10% to 100% depending on the study and on the criteria used to establish definite prior exposure. 9 Additionally, in comparison to other carcinogens there is no linear dose-response relationship between exposure to asbestos and the incidence of mesothelioma. 1 The goal of this study was to critically examine and characterize the published data regarding erionite-related malignant pleural mesothelioma (E-MPM). Additionally, we aimed to elucidate whether sufficient evidence exists to support a genetically predisposed mechanism to erionite fiber carcinogenesis.
STUDIES ABOUT ERIONITE
A comprehensive search was performed to collect relevant Table 1 . Criteria for Scoring Included Manuscripts as Published by Jadad, et al. 10 No.
Items* Points 1
Study described as randomized? 1 2 Study described as double-blind? 1 3 Description of withdrawals and drop-outs? 1 4 For question 1, method to generate randomization sequence described and appropriate (table of random numbers, computer generated, etc.) 1
5
For question 2, method of double-blinding described and appropriate (identical placebo, active placebo, dummy, etc.) 1 6 For question 1, method to generate randomization sequence described and inappropriate (patients allocated alternately, according to date of birth, hospital number, etc.) -
For question 2, method of double-blinding described and inappropriate (comparison of tablet vs. injection with no double dummy, etc.) -1 8 Maximum Total 5 *Score based on initial three-item tool (1-3) with addendum criteria (4) (5) (6) (7) . "Yes" (1 or -1 point) and "No" (0 points) answers are totaled for a potential maximum score of 5 points.
teau in Turkey was initiated in 1979 and continued through December 31, 2003 . 15 The study included 891 men and women aged 20 years or older. Of these subjects, 74% (661/891) resided in the villages with known exposure to erionite. Interestingly, only two cases of mesothelioma occurred in the control village. When standardized to the entire world population, the MPM incidences were approximately 700 and 200 cases per 100000 people annually in the two erionite exposed villages and only 10 cases per 100000 people in the control village.
Biological & genetic factors
Two studies investigated the probability of genetic factors behind the development of E-MPM. 16, 17 A retrospective study by Roushdy-Hammady, et al. 16 investigated a sixgeneration extended pedigree of 526 individuals who lived in one village and indicated that MM was genetically transmitted, likely in an autosomal dominant way. Conversely, a vational studies (29898 patients), and five case reports (7 patients) (Fig. 2) . Descriptions of the included studies are listed in Table 2 .
EPIDEMIOLOGY
Overall, six retrospective studies (3384 patients) and four prospective (1305 patients) studies (4689 patients in total) assessed the epidemiology of E-MPM.
Incidence
One retrospective study (162 patients) reported the mean age of disease appearance as 53±13 years (range: 37-71 years) for males and 48±11 years (range: 28-67 years) for females with a reported MM risk of 135-times to 1336-times greater in males than in females. 8 A prospective study of 94 patients with a mean age 36 years (range: 17-64 years) estimated the incidence of MPM as 1% per year in an immigrant cohort in Sweden who were previously exposed to erionite.
14 Additionally, a long term prospective study of residents of two villages exposed to erionite and one nearby control village on the Anatolian pla- (SV40) and the development of MPM was evaluated in a retrospective study. SV40 (DNA tumor virus) contaminated polio vaccine supplies that were distributed worldwide between the late 1950s and early 1960s. 18 Polymerase Chain Reaction (PCR) analysis failed to identify SV40 in any of the 29 pleural biopsy specimens from patients diagnosed with MPM. The authors conclude that the pathogenesis of environmentally induced MPM in Turkey was most likely related to exposure to inorganic fibers, asbestos, or erionite rather than previous exposure to SV40.
Another retrospective study investigated the presences of human herpes virus 8 (HHV-8) in pleural biopsy samples prospective study of 268 subjects evaluated a possible relation between MPM and the presence and distribution of human leukocyte antigens (HLA) in patients environmentally exposed to erionite and asbestos in rural Anatolia, Turkey. 17 There was a higher prevalence of HLAB41, HLA-B58, and HLA-DR16 antigens among patients with MPM than among healthy inhabitants from the same village and renal donors (control). However, there was no difference in the prevalence of any specific HLA antigen among the study subjects with MPM following exposure to either erionite or asbestos.
A possible link between exposure to Simian virus 40 SEM, scanning electron microscope; LM, light microscopy; TEM, transmission electron microscope; EM, electron microscopy; EDAX, energy-dispersion analysis of X-rays; PT, pleural thickening; PC, pleural calcification; XRD, X-ray diffraction; EDS, energy dispersive X-ray spectrometry; PCR, polymerase chain reaction; BAL, bronchoalveolar lavage; FCM, flow cytometric; VATS, video-assisted thoracoscopic biopsy; HRCT, high resolution CT; ATEM, analytical transmission electron microscopy; MPM, malignant pleural mesothelioma; E-MPM, erionite-related MPM; A-MPM, asbestos-related MPM; CxR, chest Xray; PN, pleural nodule; MM, malignant mesothelioma; HLA, human leukocyte antigens; HHV-8, human herpes virus 8.
DIAGNOSIS
Overall, 11 retrospective studies (22793 patients) and five prospective (175 patients) studies and two case reports of one patient each (total 22970 patients) assessed the various diagnostic modalities of E-MPM.
Radiology
A total of seven retrospective studies (22492 patients) [22] [23] [24] [25] [26] [27] [28] and two prospective studies (76 patients), 29, 30 in addition to a case report of one patient (total 22569 patients), 31 are summarized in Table 4 . The studies investigated various radiological findings such as pleural effusion (PE), pleural calcification (PC), and pleural nodules (PN) in E-MPM through plain chest Xray (CxR) and thoracic computed tomography (CT).
Bronchoscopy, pleural biopsy, and thoracoscopy
Four retrospective studies (301 patients), three prospective studies (98 patients), and one case report of one patient (total 400 patients) assessed the diagnostic utilities of bronchoscopy, pleural biopsy, and thoracoscopy in E-MPM.
A retrospective study by Dumortier, et al. (68 subjects) 32 and a prospective study (16 subjects) 33 reported the utility of bronchoalveolar lavage (BAL) followed by light and electron microscopy in identifying erionite in Turkish subjects who were born and lived in exposed villages. Another prospective study by Emri, et al. (40 patients) 34 utilized thoracotomy in 75% of cases (30 of 40) or video-assisted thoracoscopy (VATS) (25%, 10 of 40) followed by flow cytometric DNA analysis. All patients had either T3 or T4 tumors without distant metastases.
Two other retrospective studies (202 patients) 25, 28 utilized pleural biopsy as the main diagnostic tool for the E-MPMinduced pleural plaques, followed by thoracotomy and then thoracoscopy. Another retrospective study and a case report (32 patients) reported similar results without reporting superiority of a specific procedure. 20, 35 from patients with MPM (29 patients: 14 E-MPM, 15 A-MPM) through PCR analysis. 19 HHV-8 has been shown to be associated with Kaposi sarcoma lesions and other body cavity-originating B-cell lymphomas. In addition, HHV-8 upregulates levels of interleukin-6, which is also secreted by mesothelioma cells. However, the PCR analysis failed to identify HHV-8 in any of the 29 pleural biopsy specimens, leading the investigators to conclude that the environmentally-induced mesotheliomas were not related to HHV-8 exposure. 19 Three Ras proteins, H-RAS, K-RAS, and N-RAS, are 21 kDa oncoproteins that play a pivotal role in growth factor mutagenesis. It is estimated that close to 10-20% of all human tumors contain mutated versions of Ras proteins. 20 A retrospective study investigated the presence of Ras proteins in pleural biopsy samples from patients with MPM (31 patients: 8 E-MPM, 21 A-MPM, & 2 fibrous MPM). 20 A total of 16% (5 of 31) of the samples showed Ras expression: 27% (4 of 15) of E-MPM samples and 6% (1 of 16) of A-MPM samples were associated with p21 expression; however the difference was not statistically significant (p=0.17).
A recent retrospective study by Kokturk, et al. 21 (52 patients) was conducted to determine the expression of various apoptosis-regulating proteins and their prognostic significance in E-MPM and A-MPM. The pathogenesis of E-MPM and A-MPM is possibly secondary to direct involvement of inflammatory cells or tumor growth allowed by escaping from the normal cell apoptosis. Such apoptosis has two main pathways: the mitochondrial pathway through antiapoptotic proteins (such as Bcl-2) or proapoptotic proteins (such as Bax) and the death receptor pathway through the Fas (Apo-1/CD95) to Fas Ligand (Fas L) interaction. 21 These apoptotic pathways (Bcl-2/Bax and Fas/Fas L) were assessed by immunohistochemistry for expression patterns in tissue sections from patients who had E-MPM and A-MPM, with adenocarcinoma sections serving as control group samples (Table 3) . Bcl-2 and Fas staining were found to be almost negative in MPM and adenocarcinoma sections. 18.2% (6/33) ble benefits from the inclusion of alpha-2b-interferon. Due to the small number of subjects, the study did not comment on the treatment response difference or survival benefits in E-MPM versus A-MPM. Another prospective study by Emri, et al. 34 involved 40 patients with a median age of 50 years (range: 30-68 years) and investigated three combinations of chemotherapy drugs: 40% (16 of 40) received cisplatin and mitomycin C, 10% (4 of 40) received ifosfamide and interferon-α, and 8% (5 of 40) were given carboplatin and paclitaxel combinations. None of the patients were able to undergo curative resection as all had either T3 or T4 tumors without distant metastases. Only 30% of patients (12 of 40) had palliative radiotherapy while 37.5% (15 of 40) refused chemotherapy following surgery. The objective response rate in patients who received chemotherapy was 20%, with a median overall survival (OS) of 10±2 months (95% CI: 6-14) and a 1-year survival rate of 45.2%.
Additionally, in a retrospective study of 67 patients with MPM, 52.2% (35 of 67) received a chemotherapy regimen of ifosfamide, mesna, and interferon-α for 6 months. 28 Follow-up data were available for the 33% of patients (22 of 67) who received ≥2 cycles of chemotherapy; results included a 2-year survival rate of 22% and a 2-year progression-free interval of 15.7%. Although the study did not report the number of E-MPM cases in the remaining 22 patients, the authors commented that there were no survival differences between the E-MPM and A-MPM patients. The estimated durations of OS and progression-free survival were 12±3.8 months and 9±3.1 months, respectively. In addition, pleurodesis and pleurectomy/decortications were performed as palliative treatment in 19 and 12 MM patients, respectively, who did not receive chemotherapy; however, no survival data were reported for these patients.
Finally, Batirel, et al. 39 conducted a prospective feasibility A prospective study of 42 patients with MPM utilized transthoracic echocardiography (TTE) for documentation of pericardial involvement and percutaneous biopsy. 36 TTE was followed by percutaneous pericardial biopsy, thoracotomy, or video-associated thoracoscopy and then histopathological and immunohistochemical staining. Through such an approach, these researchers were able to determine pericardial involvement in 45.2% of patients (19 of 42) with MPM, and pericardial effusion was detected in 21.4% (9 of 42), followed by pericardial thickening in 19% (8 of 42) and pericardial calcification in 7.1% (2 of 42). However, there was no difference in terms of pericardial involvement or tumor stage between patients who were exposed to asbestos and to erionite (p>0.05).
TREATMENT
One retrospective study (67 patients) and three prospective (79 patients) studies (146 patients total) assessed the therapeutic utilities of chemotherapy and pleural resection in treatment of MPM.
In one such prospective study (19 subjects), Tansan, et al. assessed response and toxicity according to WHO criteria 37 after treating 3 E-MPM and 16 A-MPM patients with cisplatin, mitomycin C, and alpha-2b-interferon versus a wellmatched historical control treated with cisplatin and mitomycin C alone. 38 The addition of alpha-2b-interferon to cisplatin and mitomycin C did not result in an objective response difference when compared to the cytotoxic agents alone (10.5%; 95% CI: 1.3-19.7%). However, the difference in patient median survival when compared with a well-matched historical group was significantly borderline (Wilcoxon test; χ 2 =3.64; p=0.0564), which suggests possi- months. 25 The latter findings were supported by two recent studies. The first was a retrospective study by Kokturk, et al. (52 patients), 21 who studied the impact of apoptotic pathways Bcl-2/Bax and Fas/Fas L on survival in tissue sections from patients with E-MPM and A-MPM, with adenocarcinoma sections serving as a control group. Overall, the median survival times for the E-MPM and A-MPM groups were similar even when considering different histological subtypes (epithelial vs. non-epithelial), stage, and different treatment modalities [palliative surgical debulking (PSD) vs. non-PSD]. However, E-MPM patients with negative Bax had longer survival than Bax-positive patients (Bax-negative: 18 months; Bax-positive: 14 months; p=0.06). While Fas Ligand-positive patients had statistically better survival than Fas Ligand-negative patients in the two MPM groups (Fas Lpositive: 15 months; Fas L-negative: 12 months; p=0.05). 21 The second study was a long-term prospective study of residents (891 subjects) of two villages exposed to erionite and one nearby control village on the Turkish Anatolian plateau conducted between 1979 and December 31, 2003. 15 Over the 23-year follow-up, 42% of the subjects (372 of 891) died; 32% (119 of 372) of these deaths were from mesothelioma, which was the cause of 44.5% of all deaths in the erioniteexposed villages. Interestingly, only two cases of mesothelioma occurred in the control village.
KEY POINTS ABOUT ERIONITE
Although the link between asbestos exposure and mesothelioma was established over 50 years ago, it is still unclear study of extrapleural pneumonectomy followed by adjuvant high-dose irradiation and cisplatin-based chemotherapy to reduce local and distant recurrence rates, thus prolonging survival in E-MPM and A-MPM subjects. Out of 20 patients enrolled in the study, 80% (16 of 20; 3 E-MPM & 13 A-MPM) underwent extrapleural pneumonectomy with en-bloc removal of ipsilateral lung. In addition, 60% (12 of 20) received hemithoracic radiotherapy and cisplatin following surgery. Sixty percent of the study patients (12 of 20) completed all three treatments with a median follow-up of 16 months (range: 1-43 months). The overall median survival was 17 months (24% at 2 years), and 40% of patients (8 of 20) had extrapleural lymph node involvement. However, patients without lymph node metastasis had better overall median survival (no metastasis: 24 months; metastasis: 13 months; p=0.052).
PROGNOSIS & SURVIVAL
Five retrospective studies (4208 patients) and one prospective study (891 patients) (5099 patients total) assessed prognosis and survival of E-MPM. Four retrospective studies reported an E-MPM-related mortality of 2.30% to 20.6% among the inhabitants of three villages in the Cappadocia region of Central Anatolia followed by lung cancer in 2.30% to 12.1% and then malignant peritoneal mesotheliomas in 2.8% (4 of 141). 24, 25, 40, 41 One of the retrospective studies by Selçuk, et al. 25 staged patients according to a modified system proposed by Butchart, et al. 42 (Table 5 ) with a median survival of 64% from diagnosis for E-MPM patients at 12 environmental factors, such as radiation, may act singularly or in combination to induce E-MPM. 54 When considering the diagnosis of E-MPM, radiological assessments play an essential role in diagnosis, staging, and management decisions for E-MPM. Table 4 summarizes the yields of various studies that examined the utility of CxR and chest CT in diagnosis of E-MPM in addition to comparing the CxR and chest CT findings between E-MPM and A-MPM. Six studies reported CxR findings in 2178 patients who were exposed to erionite, comparing them with 18766 patients who were exposed to asbestos. [22] [23] [24] [25] [26] 30 PE (34.2%) and interstitial changes (IC; 33.9%) were the most common findings. These were followed by pleural thickening (PT; 15.7%) and PC (9.2%), with PN reported in only 4.5% of E-MPM patients. Limited CxR data were available in one study due to low incidences of PT and IC, which hindered comparison between the CxR findings in patients with E-MPM and A-MPM. 30 Five recent studies that included 109 E-MPM and 186 A-MPM patients examined the role of chest CT in diagnosis of E-MPM. [25] [26] [27] [28] [29] [30] Three of these studies were able to compare CxR and chest CT findings in patients with E-MPM and A-MPM. 25, 28, 30 PE was the most common chest CT finding at 60.8%, followed by PC (41%), PT (34.8%), and PN (34.7%), while IC was reported in 18.2% of the E-MPM patients. As expected, chest CT was more reliable in detecting various pleural changes in E-MPM than CxR (Table 4) , and PE was the most common finding in E-MPM, by both CxR and chest CT, followed by PT and IC.
Various sampling techniques were utilized in identifying erionite in the lung and pleural tissues. Bronchoscopy with BAL remains an effective and relatively less invasive technique in establishing E-MPM in patients from areas with known high exposure. 32, 33 By measuring the concentration of erionite particles in BAL from subjects, it is possible to establish past exposure to erionite even 20 years after the exposure had stopped. 33 In other instances, pleural sampling can be achieved through pleural biopsy, thoracoscopy, or thoracotomy, with a 29% to 95.7% yield for E-MPM by light microscopy. 20, 25, 28, 33, 35 Limited data are available for assessing the role of electron microscopy, 32 scanning electron microscopy, 48, 55 analytical transmission electron microscopy, 56 and immunohistochemical analysis in diagnosis of E-MPM. 20 Regarding therapeutic options, several studies investigated the utility of chemotherapeutic agents, radiotherapy, and surgical treatment in achieving local control of E-MPM and whether all types of asbestos can cause mesothelioma. 9, 43, 44 The median latency from time of asbestos exposure to the disease is about 32 years; however, in many instances it ranges from 20 to 50 years. 1, 45, 46 Unfortunately, the median survival is about 1 year from diagnosis, as current therapies have had only marginal effects in altering the natural course of the disease. 46 In contrast to industrialized Western countries, in which MM is typically related to previous occupational exposure to asbestos, MM in central and eastern Turkey, Greece, and Cyprus is instead associated with environmental exposure to tremolite asbestos or erionite, a natural fibrous zeolite. 25, 47 Interestingly, recent environmental studies also report the presence of erionite fibers in North America, with one case report of E-MPM in Mexico. 30, 48 Furthermore, other enviromentally-related MM cases were reported following exposure to asbestos and other fibrous minerals such as winchite, richterite, fluoroedenite, and antigorite. [49] [50] [51] Erionite belongs to the mineralogical group of zeolites, a complex group of hydrated aluminosilicates of alkali and alkaline earths that includes about 40 natural minerals. 33 Zeolites naturally occur in volcanic rocks cavities and other hydrothermal environments. 33 Most naturally-occurring zeolites are non-fibrous, in contrast to erionite, clinoptilolite, and mordenite, which are fibrous. 52 Various epidemiological studies support the high incidence of E-MPM among the inhabitants and emigrants of three villages in the Cappadocia region of Central Anatolia. In contrast to A-MPM, E-MPM occurred at a younger age, with a median age at diagnosis in the mid-50 s (57 for males and 55 for females), and the male-to-female ratio of MM in Turkish immigrants was 1.1.
13 Such a ratio was quite different from that observed in industrialized countries, where occupational exposure to asbestos is common in men. 53 Furthermore, some data raised the possibility of extrapleural and peritoneal cancers as additional causes of mortality linked to erionite-fiber exposure. 41 Interestingly, asbestos fiber concentrations in erionite-affected villagers were not different from those in Turks without environmental exposure to tremolite. 22, 33 The development of E-MPM in some but not all subjects who resided in the three Cappadocian villages with high exposure to erionite raise the probability of genetic factors behind such selectivity. 16, 17, 20 Possible support for this finding is the absence of MM cases in nearby villages, whose inhabitants had similar amounts of erionite in stone samples from their houses. 16 Furthermore, it is possible that genetic predisposition, viral infection, and even exposure to other inal publications for any further details.
Blinding both patients and investigators to therapeutic intervention is of utmost importance when evaluating subjective outcomes. Among several of the studies reviewed, blinding was neither routinely employed nor reported. Accordingly, interpretation of variables such as chemotherapeutic response difference or survival benefits in E-MPM versus A-MPM may be biased.
Finally, all co-interventions, including thoracotomy tube insertion for E-MPM-induced pleural effusion, use of therapies (other than those being directly studied), and timing of end-of-life decisions were neither standardized nor consistently reported. Monitoring and reporting such measures will help reduce bias in endpoint interpretation, e.g., estimating durations of OS and progression-free survival following various therapies.
perhaps limiting distant metastases. 34, 38 When considering chemotherapy, cisplatin, and mitomycin remain the main chemotherapeutic agents, administered either alone or following surgery. However, objective response rate to chemotherapy remains low, in the range of 20%, with median OS close to 10 months. 34 Although the addition of interferon-α in one study was clinically tolerable, it did not result in an objective response difference when compared to cisplatin and mitomycin alone. 38 Pleurodesis, VATS, thoracotomy, and pleurectomy/decortications could be attempted in selected patients at specialized medical facilities. 28, 34 However, most patients present at a late stage (T3-T4) and are therefore unable to undergo a curative resection. 34 In such patients, extrapleural pneumonectomy, followed by adjuvant highdose irradiation and cisplatin-based chemotherapy may improve local and distant control rates and possibly prolong their survival. 39 Survival in patients with E-MPM remains low when compared to patients with A-MPM (Table 5 ). Such a difference could be related in part to genetic differences in originally acquiring E-MPM 16, 20 or to delay in clinical presentation and evaluation. However, the expression of various apoptosisregulating proteins may prove to be of utmost prognostic significance in some patients with E-MPM. 21 In summary, erionite, a non-asbestos fibrous zeolite, has been the cause of numerous MM cases in Turkey and even in North America. Furthermore, many of the affected subjects had migrated to various European countries such as Germany and Sweden, which has impacted public healthcare in those countries.
Available data indicate that neither SV40 nor HHV-8 were identified as co-factors in the pathogenesis of environmentally-induced MM. However, the observed difference could be due to a higher degree of erionite carcinogenicity or genetic transmission of erionite susceptibility in an autosomal dominant fashion among the residents of the erionite-affected villages. Further studies are necessary to identify the gene that may predispose individuals to erionite-induced MM. Therapeutic options for E-MPM remain very limited, and cure of the disease is extremely rare.
Limitations of the studies about erionite
This review provides a summary of multiple relevant studies and an independent triplicate assessment of trial validity. However, the heterogeneity of patients and varied diagnostic and therapeutic regimens precluded a systematic metaanalysis of the results. We advise readers to review the orig-
